M igraine headache is a common, chronic disorder, and women comprise two thirds of patients with this disorder, that has negative effects on health and is costly for patients and society. 1, 2 There is accumulating evidence linking migraine, particularly with aura, to increased risk for cardiovascular events. 3 Given the high prevalence of this condition and the fact it affects younger women, 1 it is important to educate cardiovascular disease (CVD) providers about the potential increased cardiovascular risk associated with migraine. In this review, an overview is provided of epidemiological studies linking migraine headache and cardiovascular events, with emphasis on women, and the possible pathophysiological mechanisms for this association. However, there are many important knowledge gaps on the sex-related aspects of migraine that potentially impact advances in management. An additional purpose of this document is to summarize these areas and provide recommendations to address these gaps.
Briefly, migraine (ie, episodic migraine) is characterized by moderate to severe headache, with or without transient focal neurology symptoms (eg, aura) that persists 4 to 72 hours. 4 Approximately 1 in 3 patients with migraine experience aura, which may be visual (eg, lights), auditory (eg, noises), somatosensory (eg, tingling and numbness), or motor (eg, jerking movements). 5 Typically, aura precedes the onset of headache and persists for less than an hour. 6 There is variation in the number of attacks between patients: some experience multiple attacks weekly while others experience <1 per year. There is also wide variation in the frequency of episodes within the same individual, and often the condition improves with advancing age. Patients who experience several attacks monthly (ie, ≥15 headache days a month) are classified as having chronic migraine. 7, 8 Worldwide, migraine is the third most prevalent medical condition and second most disabling neurological disorder. 9 In the United States, its annual prevalence is 1 in 8 adults. 1, 2 Migraine usually affects young-to middle-aged women (25-55 years old). 1 Although the prevalence of migraine is generally low before puberty (2.5%) and is similar in boys and girls, 10 the prevalence increases in girls at about 10 years of age versus boys. 2, 10 The prevalence continues to rise in women versus men (18% versus 6%), peaking at about 30 years old. 2 The prevalence decreases after age 42 years in both sexes, but remains 2 times higher in women. 2 
Pathophysiological Mechanisms for Increased Cardiovascular Risk
Underlying mechanisms for the increased risk of cardiovascular and cerebrovascular events in individuals with migraine are incompletely understood and are likely multifactorial. First, those with migraine have a higher prevalence of traditional cardiovascular risk factors such as hypertension and hyperlipidemia. 11 However, many of the studies demonstrating an association between migraine and cardiovascular events have shown that the association remains after adjusting for the traditional CVD risk factors. 3, 12, 13 Second, migraine, especially with aura, is a systemic illness associated with generalized endothelial dysfunction, 14 and increased platelet aggregation. 15 A similar clustering of endothelial dysfunction and increased platelet aggregation occurs in preeclampsia: also, some suggest that migraine is associated with a heightened prevalence of hypertensive disorders during pregnancy, including preeclampsia. 16 Third, patent foramen ovale (PFO) is highly prevalent (up to 50% of migraineurs with aura) 17 ; this might represent a substrate for paradoxical emboli. This hypothesis is supported by findings among migraine patients with cryptogenic stroke where the prevalence of PFO with right to left shunting approaches 80%. 18 Fourth, the migraine attack might be a predisposing factor for venous thromboembolism because of prolonged immobility during the headache, 13 however, some studies showed that this association is limited to migraine patients with aura. 19 Finally, patients with migraine frequently use NSAIDs, which with chronic use are also associated with increased risk of cardiovascular events 20, 21 (Figure) .
In patients who suffer from migraine with aura, the underlying pathophysiological mechanism for the aura is thought to be related to cortical spreading depression, which is a slowly propagating wave of depolarization, resulting in the suppression of brain activity. 22 Spreading depression is also the major mechanism for neuronal damage in the context of large vessel cerebrovascular occlusion (eg, middle cerebral artery). A wave of depolarization markedly increases interstitial glutamate and paves the way for excitotoxic neuronal death. If brain perfusion is normal, astrocytes are able to take up glutamate rapid enough to prevent neuronal injury. However, in the context of ischemia related to vascular occlusion by thrombus, this may not occur. It could be hypothesized that migraineurs with aura may be more likely to experience spreading depression with cortical vessel occlusion, hence infarction.
Role of Sex Hormones
As noted previously, the prevalence of migraine and frequency of attacks rises abruptly after puberty and declines about the time of menopause. Studies have consistently shown that women suffer more frequent, longer, and more severe episodes of headache. 23, 24 Women are also less likely to have episodes of remission or migraine-free periods. 25 Moreover, women are more likely to experience more severe associated symptoms like photophobia, nausea, and vomiting compared with men. 23, 26 In addition, some women experience more frequent episodes of migraine around the time of their menstrual cycle (ie, menstrual-related migraine), or exclusively during the menstruation (ie, pure menstrual migraine). Another important observation is that women who are using combined oral contraceptive pills have a higher prevalence of headache, especially migraine. 27 Notably, women are more likely to experience improvement in their symptoms during pregnancy. 28 These observations suggest that sex hormones, particularly estrogen, play an important role in the sex-related differences in migraine prevalence. It has been postulated that estrogen withdrawal triggers migraine episodes and/or lowers the pain threshold among women. One study found that women suffering from menstrual-related migraine had a lower level of peak estradiol level compared with controls, 29 and another study found that women with migraine had a faster late luteal phase estrogen decline compared with healthy controls. 30 Stemming from this concept, small studies have suggested that testosterone therapy might improve migraine symptoms in women. 31, 32 Further supporting this concept, one study showed that the prevalence of migraine among male to female transsexuals using anti-androgens to suppress male sex characteristics and estrogens to induce female sex characteristics was comparable with that of genetic women, and was remarkably higher than that of men of the same population. 33 Collectively, these findings support the concept that fluctuations in hormonal levels, especially estrogen, potentially explain the higher prevalence of migraine and severity of attacks in women.
Migraine and Cardiovascular Events
Considerable evidence links migraine, particularly with aura, to cardiovascular and cerebrovascular events (Tables 1 and  2) . 12, 13, [34] [35] [36] [37] These data have been studied more frequently among women. In a prospective cohort of >27 000 healthy women >45 years old with no prior ischemic event from the Women's Health Study, a self-reported diagnosis of migraine with aura was associated with an increased risk of ischemic stroke, myocardial infarction, and a major cardiovascular event (defined as first instance of non-fatal ischemic stroke, non-fatal myocardial infarction, or death because of ischemic event) after adjusting for traditional CVD risk factors, oral contraceptive pill use, hormonal replacement therapy, and statins, but not for the use of NSAIDs, since women enrolled in the Women's Health Study had to be willing to forgo use of NSAIDs throughout the trial. 12 These findings were further confirmed in another prospective cohort of 115 000 women aged 25 to 42 years at baseline from the Nurse's Health Study. 34 Women with a physician's diagnosis of migraine had an increased risk of cardiovascular events including cardiovascular mortality over 20 years of follow-up after adjusting for traditional CVD risk factors, oral contraceptive pill use, hormonal replacement therapy, and NSAID use. 34 A similar observation was seen in middle-aged women with signs and symptoms of ischemic heart disease, in which migraine was associated with an increased risk of major cardiac events driven by a 2-fold increase in the risk of stroke adjusting for traditional CVD risk factors and for the severity of underlying coronary artery disease. 35 In the largest cohort study to date (ie, >500K), of which 70% were women, migraine headache was associated with an increased adjusted risk of ischemic stroke, myocardial infarction, and venous thromboembolism after 19 years of follow-up (adjusting for traditional risk factors and other comorbidities). In this study, the association between migraine and cardiovascular events was more pronounced in women than in men and an increased risk of peripheral artery disease was also observed in those with migraine. 13 Despite the fact that these studies attempted to control for the traditional CVD risk factors, none compared the relative strength of different factors. Thus, the independent contribution of migraine to cardiovascular events relative to the traditional CVD risk factors remains an important knowledge gap. Table 1 summarizes cohort studies that evaluated the risk of cardiovascular outcomes and migraine exclusively among women, while Table 2 summarizes the outcomes among the subgroup of women who had migraine with aura. It is important to note that while these studies 12, 13, [34] [35] [36] [37] mostly showed an association between migraine and risk of cardiovascular and cerebrovascular events even after adjusting for the traditional CVD risk factors (Table 3) , only 1 study accounted for NSAID use, 12 while 2 studies adjusted for oral contraceptive pill use. 12, 34 Moreover, none of these studies adjusted for other important emerging non-traditional risk factors among women such as hypertensive disorders of pregnancy and systemic autoimmune diseases. 38, 39 Whether migraine confers an independent risk, beyond these non-traditional and less studied risk factors, remains an important knowledge gap. Multiple meta-analyses have also confirmed these associations. In 3 meta-analyses that focused on ischemic stroke, the consistent finding was that migraine was associated with 2-fold increase in the adjusted risk of ischemic stroke. [40] [41] [42] This association was observed only in women but not in men. 40, 42 In 2 of these meta-analyses only migraine with aura was associated with ischemic stroke, 41, 42 but the earlier meta-analysis demonstrated an association between migraine and ischemic stroke irrespective of aura. 40 One meta-analysis of 15 studies evaluating the adjusted risk of ischemic heart disease with migraine showed that migraine, particularly with aura, was associated with angina and myocardial infarction. 43 In the largest meta-analysis of cohort studies (>1 million individuals), migraine was associated with an increased adjusted risk of major cardiovascular and cerebrovascular events, driven by an increased risk of myocardial infarction and stroke. 3 This effect was more pronounced among those with aura and among women. While these observational studies and meta-analyses have consistently demonstrated an association between migraine and cardiac events, particularly stroke, age might play a role in this association. For example, in 1 study of older patients with migraine (mean age 69 years), migraine with and without aura was not associated with risk of stroke at a mean follow-up of 11 years. 44 Nevertheless, young women provide an opportunity to understand the relationship of migraine to vascular events without masking with the traditional causes of stroke (ie, atherosclerotic disease or cardio-embolic).
Role of Patent Foramen Ovale Closure
Studies have suggested a higher prevalence of PFO among migraineurs, particularly those with aura. 45 Interestingly, it was noted that patients who underwent PFO closure for other reasons (ie, cryptogenic stroke or decompression illness) had improvement or complete relief from migraine symptoms. 46 These findings encouraged subsequent observational studies, however, the findings were not replicated in 3 randomized trials. [47] [48] [49] Although the 2 most recent randomized trials of PFO closure in migraine failed to meet their primary end point, 48, 49 aggregate data from these randomized trials suggest that a subset of patients with more frequent migraine attacks might experience reduction in average migraine days and the total number of attacks. 50 Further, the PREMIUM (Prospective, Randomized Investigation to Evaluate Incidence of Headache Reduction in Subjects With Migraine and PFO Using the AMPLATZER PFO Occluder to Medical Management) trial showed that the subgroup of patients with aura might benefit from PFO closure. 49 Nevertheless, these were secondary end points; thus, routine PFO closure for migraine should not be recommended before adequately powered sham-controlled trials are conducted. Stemming from the microemboli PFO-mediated hypothesis, the TRACTOR (Ticagrelor Therapy for Refractory Migraine Study) trial examined whether ticagrelor would reduce migraine attack frequency in patients with right to left shunting. However, that single arm small study showed that ticagrelor was associated with only modest reduction in migraine attack frequency and a large number of participants experienced side effects. 51 
Clinical Implications and Future Directions
The link between migraine and increased risk of cardiovascular and cerebrovascular events has important implications. Despite abundant data suggesting links between migraine, particularly with aura, and cardiovascular events, especially Table 3 . List of Covariates Adjusted for by Individual Studies ischemic stroke, it is important to emphasize that the rate of events in all of these studies was low. For example, in the largest cohort study to date, 13 the cumulative incidence of myocardial infarction per 1000 people for the migraine cohort compared with the general population was 25 versus 17, and for ischemic stroke was 45 versus 25, respectively, over 19 years of follow up. The diagnosis of migraine was either based on self-reported questionnaires or administrative database, therefore there is some risk of bias in assessment of the exposure (ie, ascertainment bias). However, this issue might only result in a bias towards the null and therefore would result in an underestimate of the true strength of the association between migraine and cardiovascular events. Further, most prospective studies did not evaluate the outcomes for migraine with aura. Even in the studies that did, the ascertainment of aura might not reliable. Another consideration is that aura could be over-represented in these studies as even those with migraine without aura still suffer some visual changes during the prodromal phase. 52 Moreover, patients who have migraine with aura complicated with hemiparesis might be misclassified as having a stroke, which might complicate the relationship between migraine and stroke. Nevertheless, even if the diagnosis of aura was overestimated in these studies, the association between migraine with aura and cardiovascular events, particularly myocardial infarction and cardiac mortality, is likely valid. Although the rate of the cardiovascular events is low, this still translates into a substantial increase in population risk given the high prevalence of migraine worldwide. Therefore, it is important first to recognize migraine as an established risk for cardiovascular and cerebrovascular events. Most physicians in practice do not recognize migraine as a cardiovascular risk factor. The updated QRISK3 algorithm has recently introduced migraine as a cardiovascular risk factor for individuals 25 to 84 years old, 53 yet none of the US-based cardiovascular risk assessment tools have migraine listed as a risk factor. Moreover, a recent study has shown that migraine, particularly with aura, was associated with a higher risk of postoperative ischemic stroke and 30-day readmissions after surgery, 54 and this effect was observed irrespective of sex. These findings suggest that migraine history would be useful if incorporated in the perioperative surgical risk assessment.
To date, there are no established recommendations to reduce the cardiovascular risk among patients with migraine. Guideline recommendations do not recommend routine antiplatelet therapy, mostly because of the lack of sufficient evidence. 55 Unfortunately, randomized trials to establish a role for anti-platelet therapy for primary prevention of cardiovascular events in patients with migraine might not be feasible, as these would necessitate large patient samples followed for long duration. Similarly, evidence on potential benefit of chronic statin therapy in this population is lacking, despite the well-recognized stroke preventative effects in those at relatively low risk of major vascular events. 56 Growing evidence indicates that some lipid-independent effects of statins are mediated by improved endothelial function and vasomotor reactivity, and reduction of oxidative stress, 57 all of which provide the hypothetical basis to study their use in migraine. In fact, 1 small randomized trial provided some evidence that the combination of simvastatin and vitamin D3 reduces the frequency of migraine attacks, 58 however; a similar study has yet to be replicated.
Also, a knowledge gap exists about whether controlling migraine symptoms and use of long-term combination cardiovascular preventive therapy (eg, beta-blockers, statins, aspirin, etc) might reduce the risk of cardiovascular events, particularly stroke. Triptans are commonly used to abort moderate to severe attacks of migraine. Although triptans exert vasoconstrictive effects, studies indicate that triptan use does not increase cardiovascular risk in patients with migraine. 59 Use of NSAIDs should be limited to acute migraine attacks, to mitigate long-term risks of cardiovascular events associated with chronic NSAID therapy. Moreover, both agents (ie, NSAIDs and triptans) should be avoided in pregnant women and those with cardiovascular risk factors such as hypertension and focus on prevention of attacks and using other analgesic agents should be entertained.
Patients with migraine should be counseled about a healthy lifestyle such as regular physical activity, smoking cessation, and modification of other traditional CVD risks (eg, blood pressure control and weight loss). For example, a study of elderly patients with migraine found significant interaction between migraine and smoking for the risk of stroke and combined vascular events, such that migraine was associated with an increased risk of stroke and vascular events among active smokers but not among nonsmokers. 44 These findings highlight the importance of smoking cessation. As population-based studies have demonstrated that patients with migraine are more likely to smoke, have high blood pressure, unfavorable cholesterol profile, and report a parental history of premature myocardial infarction, 60 it is important to identify those patients who might benefit from traditional risk factor modification. A recent European position document has suggested that hormonal contraceptive use, particularly combined therapy, might further increase ischemic stroke risk in those with migraine, especially those with aura. 61 This recommendation is consistent with American Heart Association guidelines for stroke in women, which cautions against use of hormonal contraceptives, but notes that the evidence is not conclusive. 62 Similar to evolution of PFO closure for cryptogenic stroke, where earlier trials showed lack of benefit from PFO closure but, with careful patient selection, recent trials have shown benefit, 63, 64 future randomized trials should focus on the particular subgroups that might derive potential benefit from PFO closure (ie, those with aura and/or frequent attacks). However, based on findings of earlier observational studies, patients with migraine who undergo PFO closure for another indication (ie, cryptogenic stroke) might experience improvement in migraine symptoms. It is important to note that none of the 3 randomized trials for PFO closure for migraine examined the interaction of sex on outcomes. [48] [49] [50] It also remains unknown if routine PFO closure might mitigate the risk of future cardiovascular and cerebrovascular events. Moreover, none of the studies assessing stroke risk with migraine evaluated the concomitant presence of PFO, and whether the risk of stroke with migraine would persist after adjusting for the presence of PFO.
Conclusions
Migraine is a prevalent, chronic condition that mostly affects young to middle-aged women, followed by gradual decline with aging. Migraine carries a considerable physical, social, and economic burden. Shortly after puberty, the prevalence of migraine sharply rises in women and remains much higher compared with men. Women are also more likely to experience more frequent and worse migraine attacks. These observations suggest that sex hormones, particularly estrogen, play an important role in the pathophysiology of migraine. However, it remains unknown if hormonal modulation might help alleviate this condition.
There is a large body of studies linking migraine with cardiovascular and cerebrovascular events, particularly ischemic stroke, in women. This association is more robust for migraine with aura. Although the numbers of events in these studies were small, the high prevalence of migraine worldwide and the young age of the women who suffer this condition should direct attention of future research to evaluate therapies and/or interventions to mitigate this risk. To date, there has been no established therapy to lower cardiovascular risk among women with migraine. Physicians should inquire about migraine history when assessing the cardiovascular risk of women.
